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(57) ABSTRACT 

The present invention pertains to formation of a PMOS 
transistor wherein a layer of silicon or SiGe inhibits p-type 
dopant from entering into an underlying gate dielectric layer. 
The p-type dopant can be added to a gate electrode material 
that overlies the silicon or SiGe layer and can diffuse down 
toward the silicon or SiGe layer. The layer of silicon or SiGe 
may be formed to a thickness of about 5 to 120 nanometers 
and doped with a dopant, such as indium (In), for example, 
to deter the p-type dopant from passing through the silicon 
or SiGe layer. The dopant may have a peak concentration 
within the layer of silicon or SiGe near the interface of the 
silicon or SiGe layer with the underlying layer of gate 
dielectric material. Allowing the gate electrode to be doped 
with the p-type dopant (e.g., boron) facilitates forming the 
transistor with an associated work function having a desired 
value (e.g., coincident with a Fermi level of about 4.8 to 
about 5.6 electron volts). 

16 Claims, 8 Drawing Sheets 

300 

2 // ZZ Z// 
332 302 

  



US 7,026,218 B2 
Page 2 

5.998,271 
6,030,874 
6,124,620 
6,136,655 
6,159,810 
6, 160,300 
6,265,258 
6,376,323 
6,653,699 
6,667,525 

2003, OO82863 
2003/O146457 
2003/02O1499 

U.S. PATENT DOCUMENTS 

ck 

A 
A 
A 
A 
A 

12, 1999 
2, 2000 
9, 2000 

10, 2000 
12, 2000 
12, 2000 
T/2001 
4, 2002 
11/2003 
12, 2003 
5/2003 
8, 2003 

10, 2003 

Schwalke 
Grider et al. 
Gardner et al. 
Assaderaghi et al. 
Yang .......................... 438,301 
Gardner et al. 
Liang et al. ................ 438,217 
Kim et al. 
Yang 
Rhee et al. 
Lim et al. 
Hoshino et al. 
Komatsu .................... 257,368 

FOREIGN PATENT DOCUMENTS 

EP O 859 402 A2 8, 1998 

OTHER PUBLICATIONS 

Sun, S.C., et al., “Rapid Thermal Chemical Vapor Deposi 
tion of In-Situ Nitrogen-Doped Polysilicon for Dual Gate 
CMOS,” 1995 Symposium on VLSI Technology, Digest of 
Technical Papers, Kyoto, Jun. 6-8, 1995, Symposium on 
VLSI Technology, New York, IEEE, US, vol. SYMP. 15, 
Jun. 6, 1995, pp. 121-122, XP000580849, ISBN: 0-7803 
2603-2. 

* cited by examiner 



U.S. Patent Apr. 11, 2006 Sheet 1 of 8 US 7,026,218 B2 

100 
1 104 

Y 

110 13 112 2N is N2 
( , / . i? N, ) 

(firi, 118 122 120 Y102 

FIG. 2 102 
(PRIOR ART) 

FIG. 3 102 
(PRIOR ART) 



U.S. Patent Apr. 11, 2006 Sheet 2 of 8 US 7,026,218 B2 

FIG. 4 
(PRIOR ART) 102 

FIG. 5 
(PRIOR ART) 

N 
FIG. 6 

(PRIOR ART) 102 

  

  



U.S. Patent Apr. 11, 2006 Sheet 3 of 8 US 7,026,218 B2 

104 
Y 
7 Y / / / / 22 

3 134 
FIG. 7 

(PRIOR ART) 102 

FIG. 8 
(PRIOR ART) 102 

FIG. 9 
(PRIOR ART) 

    

  

  



U.S. Patent 

FIG. I.0 
(PRIORART) 

Apr. 11, 2006 Sheet 4 of 8 

200 

START 

FORM HIGH-KDIELECTRIC 
LAYER OVER SUBSTRATE 

FORM THIN SLICON LAYER OVER 
HGH-K DELECTRICAYER 

DOPE THINSILICON LAYER 

FORM GATE ELECTRODELAYER 
OVER DOPED THIN SILICON LAYER 

PATTERN GATE ELECTRODE 
LAYER, THIN SILICONLAYER AND 

HIGH-K DELECTRIC LAYER 

DOPE GATE ELECTRODE/FORM 
SOURCE AND DRAIN REGIONS 

202 

204 

206 

208 

210 

212 

US 7,026,218 B2 

  

  

  

  

  

  



U.S. Patent Apr. 11, 2006 Sheet 5 of 8 US 7,026,218 B2 

300 

300 
? 

ZZZZZZZZZZZZZZZZZ-306 
N 

307-; 

FIG. I.3 

300 
y 

I 
///////////////// 
N 

306 

304 

FIG. I.4 302 

    

  

  

  



U.S. Patent Apr. 11, 2006 Sheet 6 of 8 US 7,026,218 B2 

300 
312 ? 

(22.22%.4/4.41" 

  



U.S. Patent Apr. 11, 2006 Sheet 7 of 8 US 7,026,218 B2 

sts, a 3 
N 318 
% 

S /(44.44320 

316 

WNaNa" 234 
330 332 FIG. 20 302 

  

  

  

  

    

    

  

  

  

  



U.S. Patent Apr. 11, 2006 Sheet 8 of 8 US 7,026,218 B2 

NaN 
(< & YN2 N2 

N N 
340 348 

344 346 

336 

W 
FIG. 23 302 

    

  



US 7,026,218 B2 
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USE OF INDIUM TO DEFINE WORK 
FUNCTION OF P-TYPE DOPED 

POLYSILICON 

This application is a divisional of application Serial No. 5 
10/336,563, filed Jan. 3, 2003 U.S. Pat. No. 6,803,611. 

FIELD OF INVENTION 

The present invention relates generally to semiconductor 10 
processing, and more particularly to a methodology for 
isolating a silicon dioxide, silicon oxynitride or high-k gate 
dielectric from a p-type dopant Such as boron added to an 
overlying gate electrode in a PMOS transistor. 

15 
BACKGROUND OF THE INVENTION 

In the semiconductor industry, there is a continuing trend 
toward manufacturing integrated circuits (ICs) with a greater 
number of layers and with higher device densities. To 20 
achieve these high densities there have been, and continues 
to be, efforts towards reducing the thickness of layers, 
improving the uniformity of layers, reducing the thickness 
of devices and Scaling down device dimensions (e.g., at Sub 
micron levels) on semiconductor wafers. In order to accom- 25 
plish Such higher device packing densities, thinner layers, 
more uniform layers, Smaller feature sizes, and Smaller 
separations between features are required. This can include 
the thickness of gate dielectric materials (e.g., SiO2), the 
width and spacing of interconnecting lines, the spacing and 30 
diameter of contact holes, and the Surface geometry Such as 
corners and edges of various features. The scaling-down of 
integrated circuit dimensions can facilitate faster circuit 
performance, and can lead to higher effective yield in IC 
fabrication by providing more circuits on a die and/or more 35 
die per semiconductor wafer. Such advantages are a driving 
force to constantly scale down IC dimensions. 
The process of manufacturing integrated circuits typically 

consists of more than a hundred steps, during which hun 
dreds of copies of an integrated circuit can be formed on a 40 
single wafer. Generally, the process involves creating sev 
eral layers on and in a substrate that ultimately forms the 
complete integrated circuit. This layering process can create 
electrically active regions in and on the semiconductor wafer 
Surface. In MOS transistors, for example, a gate structure is 45 
created, which can be energized to establish an electric field 
within a semiconductor channel, by which current is enabled 
to flow between a source region and a drain region within the 
transistor. The source and drain regions facilitate this con 
ductance by virtue of containing a majority of p or n type 50 
materials. The regions are typically formed by adding 
dopants to targeted areas on either side of the channel region 
in a semiconductor Substrate. The gate structure includes a 
gate dielectric and a contact or gate electrode. The gate 
contact generally includes metal or doped polysilicon or 55 
polysilicon germanium (SiGe) and is formed over the gate 
dielectric, which is itself formed over the channel region. 
The gate dielectric is an insulator material, which prevents 
large currents from flowing from the gate electrode into the 
channel when a Voltage is applied to the gate contact, while 60 
allowing an applied gate Voltage to set up an electric field 
within the channel region in a controllable manner. 

Transistors are physically very Small in many cases, 
whereby many Such devices may be formed on a single 
crystal silicon Substrate (which can include a base semicon- 65 
ductor wafer and any epitaxial layers or other type semi 
conductor layers formed thereover or associated therewith) 

2 
and interconnected in an integrated circuit. Nevertheless, the 
size of the transistors and other electrical components is 
continually decreasing to improve device density. However, 
certain properties of the materials utilized to form the 
transistors limit the size to which the transistors can be 
reduced. By way of example, properties of silicon dioxide 
(SiO), which is commonly used to form the layer compris 
ing the gate dielectric in transistors, can limit the degree to 
which the thickness of the gate dielectric can be reduced. For 
instance, extremely thin SiO layers allow for significant 
gate leakage currents due to direct tunneling of charge 
carriers through the oxide. Thus, it has been found that 
operating parameters may change dramatically due to slight 
variations in gate dielectric thickness. 

Furthermore, thin gate dielectric layers are known to 
provide poor diffusion barriers to impurities. Thus, for 
example, extremely thin SiO gate dielectric layers suffer 
from high boron penetration into the underlying channel 
region during doping of the gate electrode and source/drain 
regions. Such doping also degrades the gate oxide, rendering 
it more susceptible to leakage. Previous efforts at device 
Scaling have focused on the addition of nitrogen into the 
silicon dioxide gate dielectric, however, recent efforts have 
focused on alternative dielectric materials that can be 
formed in a thicker layer than silicon dioxide layers and yet 
still produce the same field effect performance. These mate 
rials are often referred to as high-k materials because their 
dielectric constants are greater than that of SiO. The 
relative performance of Such high-k materials is often 
expressed as equivalent oxide thickness (EOT) because the 
alternative material layer may be thicker, while providing 
the equivalent electrical effect of a much thinner layer of 
SiO. Accordingly, high-k dielectric materials can be uti 
lized to form gate dielectrics, where the high-k materials 
facilitate a reduction in device dimensions while maintain 
ing a consistency of desired device performance. 

High-k dielectrics have also been found to suffer from 
boron penetration during doping of the overlying gate elec 
trode in PMOS transistors, and such boron contamination 
negatively impacts the EOT thereof as well as transistor 
performance parameters. Therefore there is a need for 
improved transistor devices and methods of manufacture 
that do not suffer the negative impacts of boron penetration. 

SUMMARY OF THE INVENTION 

The following presents a simplified summary of the 
invention in order to provide a basic understanding of some 
aspects of the invention. This Summary is not an extensive 
overview of the invention. It is intended neither to identify 
key or critical elements of the invention nor to delineate the 
Scope of the invention. Rather, its purpose is merely to 
present one or more concepts of the invention in a simplified 
form as a prelude to the more detailed description that is 
presented later. 
The present invention pertains to formation of a PMOS 

transistor wherein a layer of silicon or SiGe deters a p-type 
dopant Such as boron that is added to an overlying gate 
electrode material from diffusing into the layer of silicon or 
SiGe and into an underlying high-k dielectric layer. The 
layer of silicon or SiGe may be formed to a thickness of 
about 5 to 120 nanometers and doped with a dopant, such as 
indium (In), for example, to inhibit the boron from passing 
through the silicon or SiGe layer. The silicon or SiGe layer 
dopant may have a peak concentration within the layer of 
silicon or SiGe near the interface of the silicon or SiGe layer 
with the underlying layer of gate dielectric material. Allow 
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ing the gate electrode to be doped with the p-type dopant 
(e.g., boron) facilitates forming the transistor with an asso 
ciated work function having a desired value (e.g., coincident 
with a Fermi level of about 4.8 to about 5.6 electron volts). 

According to one aspect of the present invention, a 
method of forming a PMOS transistor initially includes 
forming a gate dielectric layer over a semiconductor Sub 
strate. A silicon or SiGe layer is then formed over the gate 
dielectric layer. The silicon or SiGe layer is doped with an 
isolating dopant to inhibit boron from passing through the 
silicon or SiGe layer and diffusing into the underlying gate 
dielectric layer. A gate electrode layer is then formed over 
the silicon or SiGe layer. The gate electrode layer, silicon or 
SiGe layer and gate dielectric layer are then patterned to 
form a gate structure. The patterned gate electrode layer is 
doped with boron to establish a desired work function 
associated with the transistor, and exposed portions of the 
Substrate adjacent the gate structure are doped to form 
Source and drain regions in the semiconductor Substrate on 
opposite sides of the gate structure. A channel is also thereby 
defined within the substrate under the gate structure when 
the Substrate is doped to form the source and drain regions. 

In accordance with another aspect of the present inven 
tion, a method of forming a PMOS transistor includes 
forming a gate dielectric over a semiconductor body. Then, 
a silicon or SiGe layer is formed over the high-k dielectric, 
wherein the silicon or SiGe layer is doped with a p-type 
dopant that is not boron. A polysilicon or SiGe layer is then 
formed over the silicon or SiGe layer, wherein the polysili 
con or SiGe layer is doped with boron, and wherein the 
silicon or SiGe layer and the polysilicon or SiGe layer 
together comprise a gate. Source and drain regions are 
formed in the semiconductor body on opposing sides of the 
gate, and a channel region is thereby defined within the 
Substrate between the Source and drain regions. 

According to yet another aspect of the present invention, 
a PMOS transistor includes a source region formed within a 
substrate and a drain region formed within the substrate. A 
channel region is also thereby defined within the substrate 
between the source and drain regions. The transistor further 
includes a high-k gate dielectric formed over the channel 
region, a silicon or SiGe layer formed over the gate dielec 
tric and a gate electrode formed over the silicon or SiGe 
layer. The gate electrode is doped with a p-type dopant Such 
as boronto establish a desired work function associated with 
the transistor. The silicon or SiGe layer inhibits the boron 
from entering into the gate dielectric. 

To the accomplishment of the foregoing and related ends, 
the following description and annexed drawings set forth in 
detail certain illustrative aspects and implementations of the 
invention. These are indicative of but a few of the various 
ways in which one or more aspects of the present invention 
may be employed. Other aspects, advantages and novel 
features of the invention will become apparent from the 
following detailed description of the invention when con 
sidered in conjunction with the annexed drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a simplified, schematic cross-sectional illustra 
tion of a conventional PMOS transistor. 

FIGS. 2–10 are cross-sectional illustrations depicting a 
conventional methodology for forming a PMOS transistor. 

FIG. 11 is a flow diagram illustrating an example of a 
methodology of forming a PMOS transistor in accordance 
with one or more aspects of the present invention. 
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4 
FIGS. 12–23 are cross-sectional illustrations of a PMOS 

transistor formed according to one or more aspects of the 
present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

One or more aspects of the present invention are 
described with reference to the drawings, wherein like 
reference numerals are generally utilized to refer to like 
elements throughout, and wherein the various structures are 
not necessarily drawn to scale. In the following description, 
for purposes of explanation, numerous specific details are 
set forth in order to provide a thorough understanding of one 
or more aspects of the present invention. It may be evident, 
however, to one skilled in the art that one or more aspects of 
the present invention may be practiced with a lesser degree 
of these specific details. In other instances, well-known 
structures and devices are shown in block diagram form in 
order to facilitate describing one or more aspects of the 
present invention. 
The present invention pertains to formation of a PMOS 

transistor wherein a layer of silicon or SiGe inhibits a p-type 
dopant such as boron from entering into an underlying gate 
dielectric layer. The p-type dopant can be added to a gate 
electrode material that overlies the silicon or SiGe layer and 
can diffuse down toward the silicon or SiGe layer. The layer 
of silicon or SiGe may be formed to a thickness of about 5 
to 120 nanometers and doped with a dopant, such as indium 
(In), for example, to deter the p-type dopant from passing 
through the silicon or SiGe layer. The dopant may have a 
peak concentration within the layer of silicon or SiGe near 
the interface of the silicon or SiGe layer with the underlying 
layer of gate dielectric material. 

FIG. 1 illustrates a conventional semiconductor transistor 
device 100 that can be fabricated with conventional com 
plimentary MOS (CMOS) processing techniques in a semi 
conductor substrate 102. It is to be appreciated that the term 
'semiconductor Substrate” as used herein can include a base 
semiconductor wafer (e.g., silicon or SiGe) and any epitaxial 
layers or other type semiconductor layers formed thereover 
or associated therewith. It is to be further appreciated that 
elements depicted herein are illustrated with particular 
dimensions relative to one another (e.g., layer to layer 
dimensions and/or orientations) for purposes of simplicity 
and ease of understanding, and that actual dimensions of the 
elements may differ substantially from that shown herein. 
The device 100 includes a gate structure 104 comprising 

a gate electrode 106 and a gate dielectric 108. The gate 
electrode 106 generally comprises polysilicon or SiGe and 
overlies the gate dielectric 108. Sidewall spacers 110, 112 
are located upon either side of the gate structure 104. As will 
be discussed further, the sidewall spacers 110, 112 impede 
doping of certain areas or extension regions 114, 116 under 
lying the spacers 110, 112. Two laterally spaced doped 
source/drain regions 118 and 120 are formed within the 
substrate 102 and a channel region 122 is defined therebe 
tween under the gate structure 104. 

In operation, the resistivity of the channel 122 may be 
controlled by a voltage applied to the gate electrode 106, 
where changing the gate Voltage changes the amount of 
current flowing through the channel 122 between the source 
and drain. The gate contact or electrode 106 and the channel 
122 are separated by the gate dielectric 108, which is an 
insulator and which opposes current flow between the gate 
electrode 106 and the channel 122, such that the device does 
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not become activated until a sufficient threshold voltage V, 
is applied to the gate electrode 106. 

To form the device 100, a layer of dielectric material 124 
is initially formed over the substrate 102 (FIG. 2). A gate 
electrode layer 126 (e.g., polysilicon or SiGe) is then formed 
over the layer of dielectric material 124 (FIG. 3). The gate 
electrode layer 126 and the layer of dielectric material 124 
are then patterned (e.g., via etching) to develop the gate 
structure 104 (FIG. 4). Dopant 128 is then applied to the gate 
electrode 106 and to exposed portions of the substrate 102 
(FIG. 5) to form extension regions 130,132 therein (FIG. 6). 
As will become apparent, the extension regions 130,132 are 
precursors to the source and drain regions 118,120 formed 
within the substrate 102. 
A layer of an insulating material 134 (e.g., silicon nitride, 

silicon oxide) is then formed over the entire structure (FIG. 
7). The layer of insulating material 134 is selectively 
removed (e.g., via anisotropic etching) to form the sidewall 
spacers 110, 112 on either side of the gate structure 104 
(FIG. 8). Additional dopant 128 is then applied to the gate 
electrode 106 and the substrate 102, except for those por 
tions 114, 116 covered by the sidewall spacers 110, 112 
(FIG. 9). The additional dopant 128 establishes the source 
and drain regions 118, 120 within the substrate 102 on either 
side of the gate structure 104 (FIG. 10). It will be appreci 
ated that the additional dopant 128 is of substantially the 
same type as that previously applied in forming the exten 
sion regions 130, 132 (e.g., FIG. 6). The channel region 122 
is thereby defined within the substrate 102 under the gate 
structure 104 as the source and drain regions 118, 120 are 
formed (FIG. 10). 
As previously mentioned, semiconductor devices, such as 

transistors, are continually being improved by, among other 
things, reducing sizes of components and/or layer thick 
nesses as well as increasing speeds of operation. As layer 
thicknesses are reduced, however, performance problems 
may develop. For example, as the thickness of a gate 
dielectric is scaled down, “tunneling current may be 
observed through the dielectric. If the dielectric is scaled 
down to tens of angstroms, for example, charge carriers may 
be able to tunnel through the gate dielectric and into the 
channel. Basically, the thinner the dielectric, the greater the 
potential is for an increased tunneling current. When charge 
carriers tunnel through the gate dielectric, gate leakage 
current undesirably increases, resulting in increased Static 
power dissipation and potentially degraded circuit operation. 
In addition, with charge carriers tunneling through the gate 
dielectric, decreased charge carrier accumulation in the 
channel of the transistor may result in an undesirable 
increase in channel resistance. Furthermore, with the thin 
gate dielectric, charge accumulation at the gate electrode 
causes an undesirable increase in charge carrier scattering at 
the surface of the channel of the device. Such an increase in 
charge carrier scattering in turn results in higher resistance 
through the channel of the transistor and reduced carrier 
mobility. 

In light of these disadvantages, high-k dielectric materials 
can be utilized in forming gate dielectrics in MOS transis 
tors. When a gate dielectric is comprised of a high-k 
dielectric material, the gate dielectric has an increased 
thickness. For example, conventional gate dielectrics (e.g., 
of silicon oxide (SiO)) can have thicknesses of about 2.5-5 
nanometers, whereas high-k gate dielectrics have thick 
nesses on the order of tens of nanometers, yet exhibit 
comparable electrical performance to the thinner SiO. The 
larger thickness tends to minimize charge carrier tunneling 
through the gate dielectric. In particular, charge carrier 
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6 
tunneling through the gate dielectric can be minimized 
exponentially by the thickness of the gate dielectric. 

While high-k dielectric materials can resolve some of the 
issues encountered with device scaling, other issues persist. 
For example, p-type dopant (e.g., boron) utilized to dope the 
gate electrode when fabricating a PMOS transistor can 
penetrate through the gate electrode (e.g., interstitially and/ 
or via vacancy diffusion) and into the gate dielectric. The 
gate dielectric is a poor barrier to impurities, and, as such, 
the dopant can find its way into the underlying channel 
region. The presence of dopant in the channel region or on 
or near the interface between the gate electrode and the gate 
dielectric can result in a number of undesirable issues. Such 
as threshold voltage (V) instability, flatband Voltage (V) 
shift, channel mobility and subthreshold slope degradation, 
a lowering of charge breakdown (Q), and an increase of 
trapping centers for p-channel devices. 
The diffusion of dopant through the gate electrode is 

referred to as the depletion effect and is due, at least in part, 
to the fact that the gate electrode is generally comprised of 
polysilicon or SiGe. More particularly, the depletion effect 
occurs because polysilicon or SiGe does not have an infinite 
amount of carriers. Presently, polysilicon or SiGe can only 
be doped to a range of about 2E20/cm to about 3E20/cm. 
As such, a Substantially greater number of carriers (e.g., 
larger than about 5E21/cm) are not present in the gate 
electrode, and when the gate is biased, a depletion region 
near the polysilicon or SiGe gate?gate dielectric interface is 
generated due to the lack of these carriers. 
A semiconductor Such as polysilicon or SiGe has a certain 

energy level measured conventionally by its Fermi level. 
The Fermi level of a material determines its work function, 
or the amount of energy required to move an electron from 
the material into a vacuum. The intrinsic Fermi level of an 
undoped semiconductor is at the middle of the bandgap 
between the conduction and Valence band edges. In n-type 
doped silicon or SiGe, the Fermi level is closer to the 
conduction band than to the Valence band (e.g., about 4.15 
electron-volts). In p-type doped silicon or SiGe, the Fermi 
level is closer to the valence band than the conduction band 
(e.g., about 5.2 electron-volts). An appropriate work func 
tion facilitates tailoring the CMOS threshold voltage. 

If the polysilicon or SiGe gate is not implanted to a high 
enough concentration, or if the implanted dopant is not 
Sufficiently activated, a significant Voltage is dropped across 
the gate electrode when a voltage is applied thereto. When 
the active carrier concentration in the polysilicon or SiGe is 
not high enough to maintain the Fermi level at the polysili 
con or SiGe gate?gate dielectric at a desired level, band 
bending in the polysilicon or SiGe gate becomes Voltage 
dependent. As the device is biased such that the silicon 
substrate is inverted, the polysilicon or SiGe gate becomes 
depleted of free carriers. As the polysilicon or SiGe is driven 
into depletion, part of the applied Voltage is dropped across 
the polysilicon or SiGe gate electrode, reducing the field at 
the interface and decreasing the channel carrier concentra 
tion. As a result, the drive current is reduced, thereby 
reducing the device's Switching speed. 
At inversion, a gate electrode of polysilicon or SiGe, for 

example, will generally experience a depletion of carriers in 
the area of the polysilicon or SiGe near the gate dielectric 
resulting in a reduced electric field at the surface of the 
semiconductor. The polysilicon or SiGe depletion effect is 
not as significant with gate dielectrics having thicknesses of 
5 nm or more. However, as gate dielectric thicknesses 
decrease, the contribution of the Voltage drop at inversion 
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due to the role of the polysilicon or SiGe depletion effect on 
device performance becomes more significant. 

It will be appreciated that the polysilicon or SiGe deple 
tion effect also makes the gate dielectric appear electrically 
thicker than it actually is, and that this effect can become 
exaggerated as the size of the gate dielectric is reduced (e.g., 
to 3 nm and below). For example, the polysilicon or SiGe 
depletion effect causes the gate dielectric to electrically 
function as if it were from about 0.5 nm to about 1.5 nm. 
thicker than the actual gate dielectric thickness. When the 
gate dielectric is on the order of 15 nm thick, 0.5 nm of 
additional thickness due to the depletion effect is not sig 
nificant. However, when the gate dielectric thickness is 
about 5 nm and below, an additional operational thickness of 
0.5 nm due to the polysilicon or SiGe depletion effect can 
have a significant impact on the device's operation and 
performance. 

Another difficulty associated with device scaling is that 
thermal treatments are limited. Therefore, the polysilicon or 
SiGe gate electrode may be doped heavily (e.g., 2–3E20/ 
cm), but the dopants are difficult to electrically activate due 
to the reduced thermal budgets. More particularly, dopants 
in a polysilicon or SiGe gate conductor can diffuse across the 
thin gate dielectric and into the underlying channel region 
during high-temperature processes Such as implant anneals. 
Such diffusion can leave a region of low carrier concentra 
tion in the polysilicon or SiGe directly above the gate 
dielectric. This region of the gate conductor adjacent to the 
gate dielectric therefore has a higher resistivity, and the 
resulting device performs as if it had an increased gate 
dielectric thickness. Also, since polysilicon or SiGe material 
cannot be doped or dopants activated at levels higher than 
about 2–3E20/cm, scaling the gate length produces a gate 
resistance. Therefore, a higher than desirable electrical sheet 
resistance or resistivity for polysilicon or SiGe arises and 
produces unacceptable large time delays in the circuits due 
to the RC time constant formed. 

Turning now to FIG. 11, a methodology 200 is illustrated 
for forming a PMOS transistor according to one or more 
aspects of the present invention. The PMOS transistor is 
fabricated as having an associated work function by isolat 
ing a gate dielectric from a p-type dopant added to a gate 
electrode overlying the gate dielectric. Although the meth 
odology 200 is illustrated and described hereinafter as a 
series of acts or events, it will be appreciated that the present 
invention is not limited by the illustrated ordering of such 
acts or events. For example, some acts may occur in different 
orders and/or concurrently with other acts or events apart 
from those illustrated and/or described herein, in accordance 
with one or more aspects of the present invention. In 
addition, not all illustrated steps may be required to imple 
ment a methodology in accordance with the present inven 
tion. Furthermore, the methodologies according to the 
present invention may be implemented in association with 
the formation and/or processing of structures illustrated and 
described herein as well as in association with other struc 
tures not illustrated. By way of example, the method or 
variants thereof may be used according to one or more 
aspects of the present invention in the fabrication of a 
transistor as illustrated and described below with respect to 
FIGS. 12 23. 
The methodology 200 begins at 202 wherein a layer of 

gate dielectric material is formed over a semiconductor 
substrate. The gate dielectric material can be applied to the 
Substrate in any number of ways, such as with spin-on 
techniques, Sputtering techniques (e.g., magnetron or ion 
beam sputtering), growth and/or deposition techniques such 
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8 
as chemical vapor deposition (CVD), for example. The gate 
dielectric material can be formed to a thickness of about 10 
nanometers or more, and can have an equivalent oxide 
thickness (EOT) of about 10 nanometers or less, for 
example. The Substrate generally includes silicon, and the 
gate dielectric material generally comprises a material hav 
ing a dielectric constant higher than about 3.9 (e.g., higher 
than silicon dioxide (SiO2)). Such high-k materials can 
include, for example, any one or more of the following, 
either alone or in combination: aluminum oxide (Al2O), 
Zirconium silicate, hafnium silicate, hafnium silicon oxyni 
tride, hafnium oxynitride, Zirconium oxynitride, Ziroconium 
silicon oxynitride, hafnium silicon nitride, lanthanum oxide 
(La Os), hafnium oxide (H?O), Zirconium oxide (ZrO). 
cerium oxide (CeO), bismuth silicon oxide (BiSiO2), 
titanium dioxide (TiO), tantalum oxide (TaOs), tungsten 
oxide (WO), yttrium oxide (YO), lanthanum aluminum 
oxide (LaAIO), barium strontium titanate, barium stron 
tium oxide, barium titanate, strontium titanate, PbzrO. 
PST, PZN, PZT and PMN. 
The methodology 200 then proceeds to 204 wherein a thin 

layer of silicon or SiGe is formed over the layer of gate 
dielectric material. This layer can comprise polysilicon or 
SiGe and/or amorphous silicon or SiGe and can be formed 
to a thickness of about 5 to 120 nanometers, for example. 
The layer of silicon or SiGe can be formed across the gate 
material in any suitable manner, Such as sputtering tech 
niques (e.g., magnetron or ion beam Sputtering), growth 
and/or deposition techniques, for example. The thin layer of 
silicon or SiGe is then doped at 206 so as to inhibit p-type 
dopant (to which the barrier layer may subsequently be 
exposed) from passing through the silicon or SiGe layer and 
into the underlying layer of gate dielectric material. The 
dopant can include indium (In), for example. It will be 
appreciated that the dopant may have a peak concentration 
within the layer of silicon or SiGe at a location where the 
silicon or SiGe material and the gate dielectric material 
interface with one another. 
The methodology then advances to 208 wherein a gate 

electrode layer is formed on the doped thin layer of silicon 
or SiGe. The gate electrode layer generally includes poly 
silicon or SiGe, and can be formed to a thickness of about 
50–200 nm, for example. The gate electrode layer can be 
formed across the thin layer of silicon or SiGe in any 
Suitable manner, such as with growth, deposition or sput 
tering, for example. 
At 210, the gate electrode layer, the thin layer of silicon 

or SiGe and the layer of gate dielectric material are patterned 
to form a gate structure. The gate structure thus comprises a 
gate electrode, a silicon or SiGe layer and a gate dielectric. 
The layers can be patterned in any suitable manner to form 
the gate structure. Such as by etching, for example. After the 
patterning, the methodology proceeds to 212 wherein p-type 
dopant such as boron is applied to the gate electrode and 
portions of the substrate not covered by the gate structure. 
Doping the gate electrode facilitates forming the transistor 
with an associated work function that has a desired value 
(e.g., coincident with a Fermi level of about 4.8 to about 5.6 
electron volts). Doping the exposed portions of the substrate 
establishes source and drain regions within the Substrate. 
The source and drain regions are adjacent the gate structure 
and define a channel region within the substrate under the 
gate structure. The p-type dopant can be boron (B), for 
example, and can be applied to the gate electrode to about 
2–3E20/cm or more. The methodology ends after the gate 
electrode has been doped and the Source and drain regions 
are formed. 
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It should be understood that the doping of the gate and the 
formation of Source/drain regions may be performed 
together or may be decoupled into separate operations, as 
may be desired. In addition, extension regions may be 
formed followed by formation of sidewall spacers prior to 
Source/drain formation, if desired, and Such variations are 
contemplated as falling within the scope of the present 
invention. 

Turning now to FIGS. 12–23, in accordance with one or 
more aspects of the present invention, an example of a 
methodology of forming a PMOS transistor 300 is provided. 
The transistor 300 is formed upon a semiconductor substrate 
302, and is depicted in FIGS. 12–23 with reference to 
cross-sectional views of the transistor 300 at various stages 
of development. 

Initially, a layer of gate dielectric material 304 is formed 
over the substrate 302 (FIG. 12). The substrate 302 generally 
comprises silicon, while the layer of gate dielectric material 
304 can include any of a number of suitable materials. Table 
1 below illustrates examples of some gate dielectric mate 
rials. 

TABLE 1. 

Approximate Relative 
Dielectric Material Permittivity (k) 

silicon dioxide 3.9 
silicon oxynitride 4–6 
aluminum oxide (Al2O3) 9-10 
Zirconium silicate 12 
hafnium silicate 15 
hafnium silicon oxynitride 16 
zirconium silicon oxynitride 16 
hafnium silicon nitride 18 
anthanum oxide (La2O3) 20-30 
hafnium oxide (H?O) 25 
hafnium oxynitride 30 
Zirconium oxide (ZrO2) 25 
Zirconium oxynitride 30 
cerium oxide (CeO2) 26 
bismuth silicon oxide (BiSi2O12) 35 75 
itanium dioxide (TiO2) 30 
antalum oxide (Ta2O5) 26 
tungsten oxide (WO) 42 
yttrium oxide (YO) 2O 
anthanum aluminum oxide (La AlO3) 25 
barium strontium titanate (Ba-SrTiO3) about 20-about 200 
barium strontium oxide (Bai Sr.O.) about 20-about 200 
PbTiO, about 20-about 200 
barium titanate (BaTiO) about 20-about 200 
strontium titanate SrTiO, about 20-about 200 
PbzrO. about 20-about 200 
PST (PbScTa-O.) 3OOO 
PZN (Pbzn,NbO) about 500-about 5000 
PZT (PbzrTiO) about 150-about 1000 
PMN (PbMg,NbO) about 500-about 5000 

It will be appreciated that Table 1 is not an exhaustive list 
of gate dielectric materials and that other gate materials may 
be available. It will be further appreciated that the k-values 
for both standard-k and high-k materials may vary to some 
degree depending on the exact nature of the dielectric 
material. Thus, for example, differences in purity, crystal 
linity and stoichiometry, may give rise to variations in the 
exact k-value determined for any particular dielectric mate 
rial. 
As used herein, when a material is referred to by a specific 

chemical name or formula, the material may include non 
stoichiometric variations of the stoichiometrically exact 
formula identified by the chemical name. For example, 
tantalum oxide, when Stoichiometrically exact, has the 
chemical formula Ta-Os, but may include variants of sto 
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10 
ichiometric Ta-Os, which may be referred to as Ta,O, in 
which either of x or y vary by a small amount. For example, 
in one embodiment, X may vary from about 1.5 to 2.5, and 
y may vary from about 4.5 to about 5.5. In another embodi 
ment, X may vary from about 1.75 to 2.25, and y may vary 
from about 4 to about 6. Such variations from the exact 
stoichiometric formula fall within the definition of tantalum 
oxide. Similar variations from exact stoichiometry for all 
chemical names or formulas used herein are intended to fall 
within the scope of the present invention. For example, 
again using tantalum oxide, when the formula TaOs is used, 
Ta,O, is included within the meaning. Thus, in the present 
disclosure, exact stoichiometry is not intended unless explic 
itly stated. As will be understood by those of skill in the art, 
Such variations may occur naturally, or may be sought and 
controlled by selection and control of the conditions under 
which materials are formed. 

It will be appreciated that the layer of gate dielectric 
material 304 can be formed across the substrate 302 in any 
of a number of Suitable manners, including, for example, 
sputtering techniques (e.g., magnetron or ion beam sputter 
ing), growth and/or deposition techniques, such as chemical 
vapor deposition (CVD). Additionally, the high-k dielectric 
material can be formed to a thickness of about 2.0 nanom 
eters or more to mitigate “tunneling, and can have an 
equivalent oxide thickness (EOT) of about 2.0 nanometers 
or less, for example, so as to maintain and exhibit desired 
electrical properties. A high-k dielectric material having a k 
of about 7.8 and a thickness of about 10 nm, for example, is 
Substantially electrically equivalent to an oxide gate dielec 
tric having a k of about 3.9 and a thickness of about 5 nm. 
A thin layer of silicon or SiGe 306 is then formed over the 

layer of gate dielectric material (FIG. 13). This layer can 
comprise polysilicon or SiGe and/or amorphous silicon or 
SiGe and can be formed to a thickness 307 of about 5 to 120 
nanometers, for example. The layer of silicon or SiGe can be 
formed across the gate material in any Suitable manner. Such 
as sputtering techniques (e.g., magnetron or ion beam sput 
tering), growth and/or deposition techniques, for example. A 
dopant 308 is then applied to the thin layer of silicon or SiGe 
306 (FIG. 14). The thin layer of silicon or SiGe 306 has a 
bottom surface 310 that faces the gate dielectric layer 304 
and a top surface 312 that faces material Subsequently 
formed thereover (FIG. 15). It will be appreciated that the 
dopant 308 may have a peak concentration near the bottom 
surface 310 of the silicon or SiGe layer 306 (depicted as a 
gradient of shading). The dopant 308 can include indium 
(In), for example, and serves to inhibit p-type dopant such as 
boron from passing through the silicon or SiGe layer 306 
and into the underlying layer of gate dielectric material 304. 
Such p-type dopant can be utilized, for example, to dope an 
overlying gate electrode (as is discussed greater detail 
below). 

Having the peak indium concentration near to interface 
310 helps to block boron from penetrating the gate dielec 
tric. Gate electrode depletion, interface defects, bulk defects 
and Fermi level changes in the substrate are reduced when 
boron diffusion is blocked at the gate dielectric/gate elec 
trode interface. Since the atomic radius of indium is much 
large than that of boron (167 pm for indium compared to 85 
pm for boron), the diffusivity of indium in silicon is much 
less than that of boron in silicon (4x10 cm/s for indium 
compared to 9x10' for boron). If indium is maximized at 
the gate dielectric/gate electrode interface, indium will be 
fixed at this interface owing to its low diffusivity while 
occupying the lattice sites needed for boron diffusion thus 
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preventing boron from penetrating the gate dielectric in 
Sufficient amount to cause poly depletion or a threshold 
Voltage shift. 
A gate electrode layer 314 is then formed over the thin 

layer of silicon or SiGe 306 (e.g., via spin-on, Sputtering, 
deposition, growth techniques, etc.) (FIG. 16). The gate 
electrode layer generally includes polysilicon or SiGe, and 
can be formed to a thickness of about 200 nanometers or 
less, for example. The gate electrode layer 314 ultimately 
yields a contact that provides a means for applying a Voltage 
to the transistor 300 or otherwise biasing the transistor 300. 

The gate electrode layer 314, thin layer of silicon or SiGe 
306 and the layer of gate dielectric material 304 are then 
patterned to form a gate structure 316 (FIG. 17). The gate 
structure 316 thus comprises a gate electrode 318, a silicon 
or SiGe layer 320 and a gate dielectric 322. The layers can 
be patterned in any Suitable manner to form the gate struc 
ture 316. Such as by etching, for example. 

After the patterning, a p-type dopant 324 is applied to the 
gate electrode 318 as well as to portions of the substrate 326, 
328 not covered by the gate structure 316 (FIG. 18). The 
p-type dopant can be applied to about 2–3E20/cm or less, 
for example, to lightly dope the gate electrode 318 (depicted 
as lightly shaded) and to form extension regions 330, 332 in 
the exposed portions of the substrate 326, 328 (FIG. 19). 
A layer of an insulating material 334 (e.g., silicon nitride, 

silicon oxide) is then formed over the entire structure (FIG. 
20). The layer of insulating material 334 is selectively 
removed (e.g., via anisotropic etching) to form sidewall 
spacers 336, 338 on either side of the gate structure 316 
(FIG. 21). The sidewall spacers 336,338 cover portions 340, 
342 of the extension regions 330, 332 and deter subse 
quently applied dopant from entering these portions 340, 
342. Additional p-type dopant 324 is then applied (FIG. 22) 
to establish source and drain regions 344, 346 within the 
substrate 302 on either side of the gate structure 316 and to 
more heavily dope gate structure 318 (as depicted with 
darker shading) (FIG. 23). Preferably, the additional dopant 
324 is of Substantially the same type (e.g., boron) as that 
previously applied in forming the extension regions 330, 
332 and lightly doping the gate electrode 318 (e.g., FIG. 19). 
The gate electrode 318 can be implanted to about 2–3E20/ 
cm or more, for example, with the additional dopant 324. 
This heavier doping facilitates establishing the transistor 300 
with a desired work function, Such as coincident with a 
Fermi level of about 4.8 to about 5.6 electron volts, for 
example. A channel region 348 is defined within the sub 
strate 302 under the gate structure 316 as the source and 
drain regions 344, 346 are formed within the substrate 302. 

Although the invention has been shown and described 
with respect to one or more implementations, equivalent 
alterations and modifications will occur to others skilled in 
the art based upon a reading and understanding of this 
specification and the annexed drawings. The invention 
includes all such modifications and alterations and is limited 
only by the scope of the following claims. In particular 
regard to the various functions performed by the above 
described components (assemblies, devices, circuits, etc.), 
the terms (including a reference to a “means') used to 
describe Such components are intended to correspond, 
unless otherwise indicated, to any component which per 
forms the specified function of the described component 
(i.e., that is functionally equivalent), even though not struc 
turally equivalent to the disclosed structure which performs 
the function in the herein illustrated exemplary implemen 
tations of the invention. In addition, while a particular 
feature of the invention may have been disclosed with 
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12 
respect to only one of several implementations, such feature 
may be combined with one or more other features of the 
other implementations as may be desired and advantageous 
for any given or particular application. Furthermore, to the 
extent that the terms “includes”, “having”, “has”, “with', or 
variants thereof are used in either the detailed description or 
the claims, such terms are intended to be inclusive in a 
manner similar to the term "comprising.” 
What is claimed is: 
1. A method of forming a PMOS transistor comprising: 
forming a gate dielectric layer over a semiconductor 

Substrate; 
forming a SiGe layer over the gate dielectric layer; 
doping the SiGe layer with indium that inhibits boron 

from passing through the SiGe layer and diffusing into 
the underlying gate dielectric layer; 

forming a gate electrode layer over the indium doped 
SiGe layer; 

patterning the gate electrode layer, indium doped SiGe 
layer and gate dielectric layer to form a gate structure; 

doping the patterned gate electrode layer with boron to 
establish a desired work function associated with the 
transistor, and 

doping exposed portions of the Substrate adjacent the gate 
structure to form source and drain regions in the 
semiconductor Substrate on opposite sides of the gate 
structure, and defining a channel region therebetween. 

2. The method claim 1, wherein the indium doped SiGe 
layer is formed to a thickness of about 5 to 120 nanometers. 

3. The method of claim 1, wherein the indium doped SiGe 
layer has a top surface facing the gate electrode layer and a 
bottom Surface facing the gate dielectric layer, and wherein 
the indium is concentrated near the bottom surface of the 
SiGe layer. 

4. The method of claim 1, wherein the substrate comprises 
silicon. 

5. The method of claim 1, wherein the gate dielectric layer 
comprises at least one of silicon dioxide, silicon oxynitride, 
aluminum oxide (Al2O), Zirconium silicate, hafnium sili 
cate, hafnium silicon oxynitride, Zirconium siliconoxyni 
tride, hafnium silicon nitride, lanthanum oxide (LaO), 
hafnium oxide (H?O), hafnium oxynitride, zirconium oxide 
(ZrO2), Zirconium oxynitride, cerium oxide (CeO), bismuth 
silicon oxide (BiSiO2), titanium dioxide (TiO), tantalum 
oxide (TaOs), tungsten oxide (WO), yttrium oxide (YO). 
lanthanum aluminum oxide (LaAIO), barium strontium 
titanate (Ba-Sr, TiO), barium strontium oxide 
(Ba-Sr.O.), PbTiO, barium titanate (BaTiO), strontium 
titanate SrTiO, PbzrOs. PST (PbSc, Ta-O.), PZN 
(PbZn,Nb O.), PZT (PbZrTiO) and PMN (Pb 
Mg,NbO). 

6. The method of claim 1, prior to doping the patterned 
gate electrode layer with boron, the method further com 
prising: 

lightly doping, with boron, the patterned gate electrode 
layer and exposed portions of the Substrate adjacent the 
gate structure to form extension regions therein; 

forming a layer of dielectric material over the gate struc 
ture and the exposed portions of the substrate; 

patterning the layer of dielectric material to form sidewall 
spacers adjacent the gate structure. 

7. The method of claim 6, wherein the sidewall spacers 
block boron from being applied to portions of the substrate 
situated under the sidewall spacers. 

8. The method of claim 6, wherein the patterned gate 
electrode layer is lightly doped to about 2–3E20/cm or less. 
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9. The method of claim 1, wherein the gate electrode layer 
comprises polysilicon or SiGe. 

10. The method of claim 1, wherein the patterned gate 
electrode layer is doped to about 2–3E20/cm or more. 

11. The method of claim 1, wherein the gate dielectric 
layer has a thickness of about 2.0 nanometers or more. 

12. The method of claim 1, wherein the gate electrode 
layer has a thickness of about 2.0 nanometers or less. 

13. The method of claim 1, wherein the patterned gate 
electrode layer is doped with boron to establish the desired 
work function coincident with a Fermi level of about 4.8 to 
about 5.6 electron volts. 

14. The method of claim 1, wherein the gate dielectric 
layer has an equivalent oxide thickness (EOT) of about 10 
nanometers or less. 

15. A method of forming a PMOS transistor, comprising: 
forming a gate dielectric over a semiconductor body; 
forming an indium doped SiGe layer over the gate dielec 

tric; 
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forming a polysilicon or SiGe layer over the indium 

doped SiGe layer, wherein the polysilicon or SiGe layer 
is doped with boron, and wherein the indium doped 
SiGe layer and the polysilicon or SiGe layer together 
comprise a gate; and 

forming source and drain regions in the semiconductor 
body on opposing sides of the gate, thereby defining a 
channel region therebetween. 

16. The method of claim 15, whereinforming the indium 
doped SiGe layer comprises: 

depositing the indium doped SiGe layer over the gate 
dielectric using chemical vapor deposition (CVD) or 
physical vapor deposition (PVD), and wherein the 
indium doped SiGe layer is deposited to a thickness of 
about 5nm or more and about 120 nm or less. 


